Abstract-In indirectly hydrogen cooled turbine generators used in high-efficiency combined cycle power plants, improving the energy efficiency and increasing the power density are required for one of the solutions of the global environmental problems. When the output current is increased for achieving the high power density, the stray load loss at the stator end region is increased by the leakage flux from the armature and field coils. Therefore, in the case that the stray load loss at the stator end region is increased when the output capacity is increased, it is necessary to evaluate the temperature under the condition of the leading power factor load. In this paper, we analyzed the loss density distribution at the end region structures using the large-scale 3D electromagnetic field analysis to establish the temperature reliability in the 870MVA indirectly hydrogen cooled machine, which is the largest class capacity in the world. Using the loss density distribution obtained by the analysis, the thermal analysis is then performed. The analysis results show good agreements with the measured values.
I. INTRODUCTION
In indirectly hydrogen cooled turbine generators used in high-efficiency combined cycle plants, improving the energy efficiency and increasing the power density are required for one of the solutions of the global environmental problems. When the output current is increased for achieving the high power density, the stray load loss of the stator end region is increased by the leakage flux from the armature and field coils. An example of the separation of loss generated in an indirectly hydrogen cooled system turbine generator is shown in Fig. 1 . As shown in Fig. 1 , the stray load loss accounts for approximately 15~20% of the total loss [1] . So far, several studies for estimation of the stray load loss in stator end region structures have been conducted [1] - [4] . The stray load loss is the loss without the copper loss and the mechanical loss under the condition of copper loss test. Where, the copper loss test is a factory test under the condition of 3-phase short circuit with rated armature current at rated speed. The phasor diagrams under the load conditions are shown in Fig. 2 . Where, f is the field flux, a is the armature flux, is the synthetic flux of the f and a , E q is the induced voltage by the f , V t is the terminal voltage, i is current of the armature coil, is load angle, is power factor angle. Fig. 2(a) shows the diagram under the condition of lagging power factor load. ) shows the diagram under the condition of leading power factor load. Generally, the current i and the terminal voltage V t are same between two conditions, respectively. As shown in Fig. 2 , the leakage flux under the condition of the leading power factor load becomes large compared with that under the condition of the lagging power factor load, because of increasing magnetization by the field leakage flux. Therefore, it is necessary to evaluate the temperature at the end region structures under the condition of the leading power factor load. However, the load test cannot be performed easily in the factory. Therefore, generally only the iron loss test and the copper loss test are performed, where, the iron loss test is a factory test under the condition of no-load with the rated terminal voltage at the rated speed. In order to evaluate the temperature of the stator end region structures under the load condition, it is necessary to estimate the loss distribution accurately using 3D electromagnetic field analysis. The eddy current loss is mainly distributed within the skin depth. The skin depth of magnetic materials is less than 1mm and is very small compared with size of these structures. Therefore, the number of FEM meshes, considering the skin depth, becomes over a million.
Owing to the substantial improvement in performance of the computer system, a large-scale FEM model can be analyzed in recent years [5] .
In this paper, we used 15-parallel computing system for the large-scale 3D electromagnetic field analysis. Total number of meshes of the FEM model became approximately 7,500,000. In addition, we performed the thermal analysis using the loss distribution under the condition of the copper loss test for evaluating the temperature reliability. And the temperature values obtained by the analysis are compared with measured values.
II. ANALYSIS MODEL

A. Stator End Region Structures of Turbine Generators
The end region structures, which are modeled in this paper, are shown in Fig. 3 . The stator end region is composed of the stator cores, the finger plates, the clamp plate, the shield cores, the shield plate and the armature coils. The stator cores are made of laminated magnetic steel sheets, and they are shaped like stairs at the end region as shown in Fig. 3 . The finger plates are made of non-magnetic materials, and placed on the both end of the stator cores. The clamp plate is made of solid magnetic material, and clamps the stator cores and the finger plates. The shield cores are made of laminated magnetic steel sheets, and they are shaped like stairs as shown in Fig. 3 . And they are set up for reduction of the loss on the clamp plate. The shield cores are clamped by the shield plate which is made of non-magnetic material. The axial flux is generated at the stator end region since the armature coils 
B. Specifications
The specifications of the turbine generator are shown in Table I . In this paper, an 870 MVA indirectly hydrogen cooled turbine generator is adapted as a FEM model.
C. Analysis Models
In this paper, the FEM model of the stator end region is divided by 3 parts as shown in Fig. 4 . Fig. 4(a) shows the FEM model of the stator core end region and the finger plates. Fig. 4(b) shows the FEM model of the clamp plate. Fig. 4(c) shows the FEM model of the shield cores and the shield plate. The stator laminated core and shield laminated cores are modeled by adapting the characteristic of the conductivity anisotropy [6] . Total number of meshes of each FEM models is shown in table II.
III. LARGE-SCALE 3D ELECTROMAGNETIC FIELD ANALYSIS SYSTEM
The performance of the computing system is shown in table. III. Approximately 1 month is needed for the analysis using the 15-parallel computing system. The total number of meshes is approximately 7,500,000 and the total time steps are 400.
IV. COMPARISON OF THE EDDY CURRENT LOSS
The eddy current loss density distributions of the stator cores and the finger plates are shown in Fig. 5 . The eddy current loss density distribution of the clamp plate is shown in Fig. 6 . The eddy current loss density distribution of the shield cores is shown in Fig. 7 . In each , and (c) shows loss density distribution under the condition of maximum leading power factor load. Where, the loss density distributions at the surface of the stator core side also are shown in Fig. 6 . As shown in Fig. 5 , the loss density of the stator core end region is mainly generated in the side of inner circumference under the condition of the iron loss and the maximum leading power factor load. In contrast, the loss density of the finger plate is mainly generated in the side of the inner circumference under the condition of the copper loss test. As shown in Fig. 6 , the loss density of the clamp plate is generated in the side of inner circumference and the surface of the stator core side under the condition of the iron loss test and the maximum leading power factor load. The loss is not almost generated in the inner circumference under the condition of the copper loss test. As shown in Fig. 7 , the loss density of the shield cores is mainly generated in the inner circumference, and especially the loss density of the end pack is large compared with the other packs.
The loss values of stator end region structures under each condition are shown in Fig.8 . Where, the hysteresis loss on the magnetic materials is calculated by reference of the iron loss curve, and the loss is added on the analyzed eddy current loss. These values are normalized by the value of the stator core end region under condition of the iron loss test.
The loss at the stator core end region is mainly generated by the axial leakage flux linked in the stator teeth. Fig. 9 shows the distribution of the loss density of Fig. 9 , we find out the eddy current is induced at the stator teeth surface by the axial leakage flux. Where, in the model, the eddy current loss above mentioned is reduced by the slits which are set up at the stator teeth. As shown in Fig. 8 , the loss under the load condition is approximately equal to the loss under the condition of the iron loss test, which is same terminal voltage with the load condition. Therefore, we can see that the total flux influences the loss value. In contrast, the loss under the condition of the copper loss test is small, since the leakage flux generated from the field coils and armature coils is almost canceled. As shown in Fig. 10 , the eddy current loss at the end pack of the stator core is large compared with the other inner packs. The loss at each part of stairs shape of stator cores becomes gradually small toward inner packs since the axial flux is linked only at the stairs parts directly. Fig. 11 shows the loss density distribution of the finger plates, which is enlarged view of Fig. 5(b) . The eddy current loss of the finger plates under the condition of the copper loss test is mainly generated by the circumference linkage flux at the end of the stator teeth. As shown in Fig. 11 , we can see that the eddy current loss density at the side surface is large, because the circumference linkage flux from the armature coils is large under the condition of the copper loss test. Therefore, the loss under the condition of the The leakage flux from the outer end region is not reached to the clamp plate because shielding the leakage flux by the shield cores. However, the eddy current loss at the inner circumference of the clamp plate is mainly generated by the radial leakage flux from the field coils, since the clamp plate is made of solid magnetic material. The radial leakage flux is linked not only in the surface of inner circumference but also in the surface of the stator side. Therefore, the eddy current loss is also generated at the surface of the stator cores side at the clamp plate, as shown in Fig. 6 . We can see that the loss at the surface of stator cores side is large compared with the loss at the surface of the shield cores from Fig. 6 . The loss under the condition of the iron loss test is small compared with the loss under the load condition as shown in Fig. 8 , since the clamp plate is far from the field coils. The loss under the condition of the copper loss test is comparatively small because the flux of the armature coils is canceled by the flux of the field coils. However, the loss under the condition of maximum leading power factor load is so large because the armature flux is increased by the field flux in the end region, as shown in Fig. 2 .
The loss at the shield cores is mainly generated by axial leakage flux of the armature coils end region because the cores are made of laminated steel sheets. Therefore, the loss under the condition of the iron loss test is comparatively small, and the loss under condition of the copper loss test is large as shown in Fig. 7 and Fig.  8 . The loss under the condition of maximum leading power factor load is larger than the loss under the condition of the copper loss test, since the flux of the field coils also links at the shield cores. The eddy current loss is reduced by the slits which are set up at the shield cores, as shown in Fig. 12 , since the loss is generated in the surface of the shield cores. From Fig. 12 , we can see that the eddy current is induced along the slit and the hole. These knowledges described above could not be obtained and visualized without the large-scale 3D electromagnetic field analysis.
V. THERMAL ANALYSIS OF STATOR END REGION
In this section, the temperature of the stator end region structures is analyzed using the loss density is analyzed by 3D electromagnetic field analysis. The temperature distribution under the condition of the copper loss test is shown in Fig. 13 . The points of 1~4 in Fig. 13 are measurement points. The point 1 indicates the upside of the shield plate. The point 2 indicates the upside of the shield core end. The point 3 indicates the upside of center of the shield core. The point 4 indicates the upside of the finger plates. As shown in Fig. 14 , the temperature of the finger plates is higher than other structures. Since the loss of the finger plates is larger than other structures, as From the above, it seems that the loss distribution and the temperature are estimated accurately. Therefore, we can see that the large-scale 3D electromagnetic field analysis system is effective tool for evaluating the temperature reliability of the turbine generators.
VI. CONCLUSION
In the paper, the loss density of the stator end region structures is analyzed by the large-scale 3D electromagnetic field analysis using 15-parallel computing system. The thermal analysis is performed using the loss density distribution. The temperatures obtained by the thermal analysis are good agreements with the measured values. The knowledges obtained by these analyses are following; -The loss of the stator core end region is mainly generated by the axial flux, and the influence of the total flux is large.
-The loss of the finger plates at the side surface is large under the condition of the copper loss test. Therefore, we find out the loss is mainly generated by the circumference leakage flux from the armature coils.
-The loss of the clamp plate is mainly generated by the radial leakage flux in both the inner circumference and the surface of the stator core side. The leakage flux of the armature coils at the stator end region is increased by the leakage flux of the field coils under the condition of maximum leading power factor load. Therefore, the loss under the condition of maximum leading power factor load is so large compared with the under condition of the lagging power factor load. -The loss of the shield cores is mainly generated by the axial leakage flux of the armature coil end region. Therefore, the loss is large under the condition of the copper loss test. -The temperatures of the stator end region structures analyzed by thermal analysis using these loss densities are good agreements with the measured values within 5% errors. -These knowledges are not obtained without the largescale 3D electromagnetic field analysis. The large-scale 3D electromagnetic field analysis is effective tool for improving the temperature reliability and energy efficiency in the turbine generators.
